In this work, theophylline was selected as the model compound to study and simulate the solution-mediated polymorphic transformation. The polymorph I and polymorph II of theophylline were prepared and fully characterized. Raman and UV spectra methods were carried out to observe the phase transformation of theophylline from polymorph I to polymorph II at different temperatures. The theoretical models, including dissolution model, nucleation model, and growth model, were established to describe and simulate the transformation processes. By combination of experiments and simulations, the controlling steps of the transformation processes were discussed. The effects of temperature and/or solvent on the transformation processes were evaluated. This work can shed light on the polymorphic transformation processes.
Introduction
Most drugs are in crystalline form, and previous studies have shown that 80-90% of organic compounds have polymorphism [1] . Generally, physicochemical properties of pharmaceutical compounds vary with their polymorphs, which are tightly related to pharmaceutical properties, such as bioavailability and efficacy of the active pharmacutical ingredient (API) [2] . In order to ensure the high quality of pharmaceutical products and repeatability of production, it is important to improve the stability of the drug crystal form. For instance, polymorphic transformation has a large effect on the shelf life of the drug [3] . Considering that solution-mediated phase transformation is commonly observed during pharmaceutical production [4] , a good understanding of the thermodynamic and kinetic properties of the solution-mediated polymorphic transformation is essential for the determination of the most thermodynamically stable form at room temperature during drug development and production to ensure the quality of the drug [5] .
The polymorphic phase transition behavior occurring in solution mainly includes: (i) Dissolution of metastable phase, (ii) nucleation of the more stable phase, and (iii) growth of the more stable phase [6] [7] [8] . These three steps are all affected by operational factors, e.g., solvent, seed crystal, stirring speed, temperature, and impurities [9] , among which solvent and temperature are the most important ones. Maher et al. [10] systematically studied the transition of piracetam from metastable polymorph II to stable polymorph III in seven solvents. It was found that the rate of crystal polymorphic transformation was related to the stirring speed, temperature, the solubility of piracetam in different piracetam in different solvents, and the interaction between piracetam and solvent. Liang Zhu et al. [11] reported that the polymorph I and polymorph II of gestodene were enantiotropic forms, and the crystal transformation temperature was 18.5 ± 0.5 °C. The investigation on operational factors favors the regulation and optimization of the crystal transformation process and further improves the stability of the drug and the efficacy of a pharmaceutical API. [12] [13] [14] . However, although solutionmediated polymorphic transformation has been intensively investigated by experiments, its theoretical models are not well established due to the complexity of the transformation process.
In this work, to better understand the polymorphic transformation process, the solutionmediated polymorphic transformation was both theoretically and experimentally investigated by using theophylline (1,3-Dimethyl-3,7-dihydro-1H-purine-2,6-dione, C7H8N4O2, Figure 1 ) as model compound. Owing to significant anti-inflammatory and immunomodulatory effects, theophylline is used as a bronchodilator for chronic lung disease and asthma. Theophylline has four crystal polymorphs [15] , in which crystal polymorphs I and II are common pharmaceuticals. Literature [15, 16] showed that polymorph I would gradually transform to polymorph II, which is thermodynamically more stable during downstream processing or storage. However, the affecting factors and kinetics of theophylline transformation from polymorph I to polymorph II have not been reported. In this study, these two polymorphs of theophylline were firstly prepared and characterized by different methods. Then, the solution-mediated polymorphic transformation from polymorph I to polymorph II was studied both experimentally and theoretically. The mathematical models, including models of dissolution, nucleation, and growth, were built to simulate transformation processes, and the effects of various factors (e.g., system temperature, solvent) on the transformation processes were evaluated by both simulation and Raman spectroscopy. 
Experimental Section

Materials
The solid-state theophylline polymorph II (≥99% mass fraction purity) was supplied by Shanghai Aladdin Bio-Chem Technology Co., Ltd. (Shanghai, China) and used without further purification. Methanol, ethanol, and isopropanol were purchased from Tianjin Kemat Chemical Technology Co., Ltd. (Tianjin, China) and used without further purification. The crystals of the polymorph I were prepared using a muffle furnace to calcine the raw materials at 270 °C for 2 hours under the protection of circulating nitrogen.
Characterization Methods
PXRD
The powder X-ray diffraction (PXRD) patterns of polymorph I and polymorph II of theophylline were obtained by D/max-2500 diffractometer (Rigaku, Tokyo, Japan, 100 mA, 40 KV) at 2θ range from 2° to 40° with a scanning rate of 8°/min. 
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SEM
Scanning electron microscopy (SEM) (Jeol Electron Microscope; JSM 1600 Jeol Ltd., Tokyo, Japan) was carried out to identify the morphology of crystals. The samples were mounted on an aluminum stub with double adhesive tape and then coated with a thin gold layer (Jeol Fine coat, JFC 1100, Ion sputter; Jeol Ltd., Tokyo, Japan). The scanning voltage of the electron beam was 1.2 kV.
TGA
Thermogravimetric analysis (TG, Mettler Toledo TGA/DSC/SF, Greifensee, Switzerland) was carried out to determine the decomposition temperature of polymorph I and polymorph II of theophylline. The samples (5-10 mg) were put into an aluminum pan and then heated at a ramping rate of 10 • C·min −1 from 25 • C to 300 • C under the flow of N 2 (50 mL·min −1 ).
Raman Spectroscopy
Raman spectrometer (Kaiser Raman RXN2, Kaiser Optical Systems, Inc., Ann Arbor, MI, USA) was used for in situ monitoring the phase transformation of theophylline. It was constituted with both an MR probe head and a PhAT probe head, and the excitation wavelength was 785 nm. The intensity of Raman characteristic peak of the measured solid is linear with its corresponding content [17] and thus can be used to represent the contents of the two polymorphs. In this work, the characteristic peaks of crystal polymorph I at 1329 cm −1 and crystal polymorph II at 1664 cm −1 were used to in situ monitor the polymorphic transformation.
FTIR
Fourier-transform infrared spectroscopy (Thermo Fisher Scientific, Waltham, MA, USA) was used to obtain the concentrations of solution in this work. It was measured at the wavenumber range of 4000 to 400 cm −1 by using KBr disk method [2] .
Solution Concentration Measurements
The real-time determination of the concentrations of theophylline in solution during polymorphic transformation was carried out by UV spectroscopic method. In the crystal transformation experiments, the stirring was stopped every 30 min, and the suspension solution was allowed to stand for 5 min. Then, the supernatant liquid was taken up by a filter (0.22 µm, Tianjin, China) and weighed. Finally, the solution was appropriately diluted so that the UV (UV-3010 spectrophotometer, Tokyo, Japan) peak intensity of the solution was between 0.2 and 0.8 to ensure the accuracy of the experimental concentrations [18] . The concentration was determined at the maximum absorption wavelength of theophylline (250 nm). Furthermore, the solubilities of polymorph I and polymorph II of theophylline in methanol at 20, 30, and 40 • C were respectively worked out and compared with literature [19] to further ensure the availability and accuracy of the experimental method. The average deviation between the measured data and the original data turned out less than 0.05. Thus, the solubility measurement method used in this work is suitable for theophylline.
Polymorphic Transformation Experiments
The polymorphic transformation experiments were performed in a jacketed crystallizer (100 mL). First, 1 g theophylline polymorph I was added into 50 g methanol at 25 • C, 30 • C, and 35 • C to prepare the corresponding initial suspensions to study the influence of temperatures. Then, 1 g theophylline polymorph I was added into 50 g methanol, ethanol, and isopropanol at 30 • C to study the influence of solvents. A thermostat bath (Julabo CF41, Julabo GmbH, Seelbach, Germany, ±0.01 • C) was used to control the temperature of the system. MR probe of Raman RXN2 was inserted into crystallizer to obtain the characteristic peak intensity changes of two polymorphs. The concentration was obtained by UV spectroscopic data simultaneously. In addition, PXRD analysis was also applied to identify the polymorphs of the solid samples [20] .
Theoretical Model
The crystallization kinetics of theophylline in solution can be obtained by analyzing the three steps in the transformation process mentioned in the introduction. The undissolved theophylline solid over time can be described as a combination of the three steps [21, 22] 
where A d (mol) is the amount of dissolved solid and A s (mol) is the amount of undissolved solid.
Assuming that the sizes of all particles do not change during dissolution process, and the solids are monodisperse, the dissolution rate can be considered to be directly proportional to the amount of solid and expressed as Equation (2) D
where D i (mol·min −1 ) represents dissolution rate of the polymorph I; K diss (min −1 ) is the dissolution rate constant, which is related to the properties of particle and medium, such as particle size, diffusion layer thickness, and diffusivity; and i stands for the solid form in suspension.
The nucleation of polymorph II can be described by the process that solute molecules spontaneously aggregate onto existing polymorph I particles after the induction period. Thus, nucleation can be considered as a polymolecular dynamics encounter probability event and expressed as Equation (3) 
where J i (mol·min −1 ) stands for the nucleation rate of the polymorph II; t ind (min) is the induction period determined by experimental data, representing the time elapsed from formation of crystalline supersaturation to appearance of a new phase;
is the nucleation rate constant, indicating the possibility of forming aggregates; V (L) is the volume of solvent; α is the nucleation molecularity index, which represents the average number of molecules involved in nucleation.
Regarding the growth of polymorph II, the discrete dissolved theophylline tends to accumulate onto an already existing particle. Thus, the growth rate will be proportional to both the amount of solid and the concentration of dissolved theophylline. See Equation (4)
where G i (mol·min −1 ) stands for the crystal growth rate of the polymorph II; K growth (L·mol −1 ·min −1 ) is the growth rate constant, which denotes the reaction rate of the particles with dissolved theophylline; C (mol·L −1 ) is the solution concentration. Accordingly, the undissolved theophylline over time is expressed specifically as Equation (5) 
where i = 1, 2, represents the two polymorphs of theophylline. Substituting C = A d /V into Equation (1), the equation can be expressed as follows
where n = 2 and i = 1, 2. When the solid and liquid phases reach equilibrium, the nucleation period is negligible [23] . At this point, the particle growth rate and dissolution rate remain in a state of equilibrium. Thus, solubility C sol is replaced as Equation (7):
After the combination of Equations (5) to (7), the following equations can be obtained
where i = 1, 2. During the simulation study, the experimentally measured solution concentration was substituted into the mathematical model to simulate the solid content of two polymorphs over time. Since the solid contents of two polymorphs are proportional to the relative intensities of the corresponding Raman characteristic peaks, the change trend of solid contents was represented by that of the relative intensity of the corresponding Raman characteristic peak. MATLAB (2015) was used to simulate the phase transformation of theophylline, and eight parameters were estimated by least square method using nonlinear dynamic parameter fitting procedure. The ordinary differential equations with variable integration step was solved by ode45 function.
Results and Discussion
Characterizations
As shown in Figure 2 , polymorph I can be verified by the peaks at diffraction angle (2θ) of 11.66 • and 14.92 • , and polymorph II at 7.08 • and 12.54 • . The results are identical to the literature data [24] . SEM was applied to show the morphologies of the two polymorphs. In Figure 3 , polymorph I has a plate-like shape, whereas polymorph II exhibits a needle-like morphology. The TGA, FTIR, and Raman results are shown in Figures 4-6 . Figure 4 indicates that the decomposition temperatures of the two polymorphs are close to each other (polymorph I,~275 • C; polymorph II,~270 • C), which are consistent with data in reference [15] . As can be seen in Figure 5 , the FTIR spectra of the two polymorphs are generally similar but differ in some characteristic peaks (e.g., polymorph I, 1148 cm −1 ; polymorph II, 868 cm −1 ). The Raman spectra of two polymorphs are shown in Figure 6 and significant differences can be observed between many characteristic peaks of two crystal polymorphs. Thus, Raman can be applied to analyze the changes in solid content by using the characteristic peaks at 1329 cm −1 and 1664 cm −1 to detect crystal polymorph I and II, respectively. As shown in Figure 7 , both crystal polymorphs of theophylline show an increasing solubility with the increase of temperature, and solubility of polymorph I is always higher than that of polymorph II in investigated temperature ranges. 
Solution-Mediated Transformation
Raman and UV spectroscopic methods were carried out to characterize the transformation behavior of different theophylline polymorphs. First, as can be seen from Figure 8 , after the addition of solid polymorph I into methanol, the induction time decreases with temperature increasing. The 
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Influence of System Temperature
Despite the fact that polymorph I would spontaneously transform to polymorph II, different operating factors have influence on the kinetics of transformation. In this work, the influences of system temperature and type of solvent were investigated.
The results of transformation in methanol at different system temperatures have been shown in Figure 8 . It can be seen that temperature can affect induction period (nucleation) and the total duration of transformation processes. Lower temperature turns out to result in longer transformation time: 120 minutes at 25 °C, 75 minutes at 30 °C, and 45 minutes at 35 °C. These results are reasonable if considering that higher temperature will speed up dissolution, nucleation and growth of particles.
Influence of Solvent
The experimental results obtained at 30 °C in different solvents are shown in Figure 10 . The transformation process turns out to be related to the solvent. The induction time in methanol at 30 °C is 12 minutes, in ethanol 50 minutes, and in isopropanol 400 minutes. Since the induction time has close relationships with the nucleation rate, and the latter is positively related to the supersaturation ratio of solution, the induction time varies with the supersaturation ratio of different solvent systems. On the other hand, in Figure 10 , the time for completion of crystal transformation of theophylline in three solvents is 75 min, 200 min, and 400 min, respectively, that is, the transformation of theophylline in methanol is the fastest while the transformation in isopropanol is the slowest. The results could be explained by different solubilities of the two polymorphs in different solvents. 
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Transformation Process Models and Simulation
The kinetic models described above were utilized for illustration of the polymorphic transformation of theophylline in methanol at different temperatures. The parameters of solid-state kinetic models were obtained by nonlinear correlations of experimental data and are listed in Table  1 . The values of Kdiss, Knuc and Kgrowth all turn out to vary with temperatures. The corresponding rate constants increase with the increasing of system temperature. At the same time, the growth rate of crystal polymorph II is much faster than the dissolution rate of crystal polymorph I. Thus, after polymorph II nucleates, the concentration of solution reduces rapidly in the late stage of transformation, which also supports the conclusion that solution-mediated transformation of theophylline in methanol is a "dissolution-controlled" process at the late stage of transformation. The models were used to simulate the transformation processes. The simulated solution concentrations in these three experiments and the simulated solid contents of undissolved solid phase were worked out for comparison with the experimental results ( Figure 11 ). The change trend of 
The kinetic models described above were utilized for illustration of the polymorphic transformation of theophylline in methanol at different temperatures. The parameters of solid-state kinetic models were obtained by nonlinear correlations of experimental data and are listed in Table 1 . The values of K diss , K nuc and K growth all turn out to vary with temperatures. The corresponding rate constants increase with the increasing of system temperature. At the same time, the growth rate of crystal polymorph II is much faster than the dissolution rate of crystal polymorph I. Thus, after polymorph II nucleates, the concentration of solution reduces rapidly in the late stage of transformation, which also supports the conclusion that solution-mediated transformation of theophylline in methanol is a "dissolution-controlled" process at the late stage of transformation. The models were used to simulate the transformation processes. The simulated solution concentrations in these three experiments and the simulated solid contents of undissolved solid phase were worked out for comparison with the experimental results ( Figure 11 ). The change trend of simulated solid contents of theophylline polymorphs mostly agrees with the experimental compositions reflected by Raman. The simulated solution concentrations also fit well with the experimental data. The simulation results indicate that the solution-mediated transformation of theophylline at 25, 30 and 35 • C in methanol is a dissolution-controlled process once nucleation happens. Thus, the nucleation and growth of the more stable polymorph II will rapidly consume the liquid theophylline, which causes a rapid drop in the concentration of solution. The liquid concentration will reach the solubility of polymorph II at the end of the transformation. The average relative deviation (ARD, Equation (10)) and root-mean-square deviation (RMSD, Equation (11)) were used to examine the models [25] . The average relative deviation (ARD, Equation (10)) and root-mean-square deviation (RMSD, Equation (11)) were used to examine the models [25] . 
where N represents the number of experimental solution concentration points, x cal is the simulated concentration, x exp is the experimental concentration. The values of ARD and RMSD are listed in Table 2 . The RMSD data at different temperatures are very small, and all the ARD between the experimental data and the simulated data are all less than 5.52%, indicating that the model can give a good fitting result. The negligible differences between the experimental and the simulated data are mainly caused by the assumptions, such as the uniform size distribution of all particles, with which the calculation can be significantly simplified. Overall, results indicate that the model can serve as a useful tool to both simulate the solution-mediated processes of theophylline and evaluate the effect of temperature. 
Conclusions
The solution-mediated phase transformation of different polymorphs was experimentally and theoretically investigated by using theophylline as model compound. Two polymorphs of theophylline were prepared and characterized. The polymorphic transformation from polymorph I to polymorph II was monitored by using in situ Raman and UV spectroscopic methods. The theoretical models of the transformation processes were developed, and the influences of both system temperature and solvent on transformation were investigated. The results demonstrated that higher system temperature facilitated the transformation, and the transformation duration varied with different crystallization solvents. The transformation was fastest in methanol and slowest in isopropanol. In addition, the transformation process was controlled by nucleation at initial stage and then dissolution of polymorph I at late stage. Moreover, it was found that the simulated results are well-fitted to experimental ones, confirming that the models used in this study are reliable for simulation of the transformation processes. This study can provide reliable ways for better understanding the solution-mediated polymorphic transformation and guide the production of pharmaceutical products which exhibit polymorphic phenomena.
